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Abstract
We consider sub-TeV scale flavoured resonant leptogenesis within the minimal type-
I seesaw scenario with two right-handed singlet neutrinos N1,2 forming a pseudo-Dirac
pair. We show, in particular, that successful leptogenesis is possible for masses of the
pseudo-Dirac pair M1,2 lying in the interval M1,2 = (0.3 − 100) GeV. Our results show
also that, for vanishing initial abundance, flavour effects play an important role in the
generation of the asymmetry in the mass range 5 GeV . M . 50 GeV, leading to an
O(100) enhancement.
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1 Introduction
Understanding the origin of the excess of matter over antimatter – the matter-antimatter or
baryon asymmetry - in the Universe remains one of the fundamental problems in particle
physics and cosmology. The asymmetry can be parametrised by the baryon-to-photon ratio,
ηB, which is defined as
ηB ≡ nB − nB¯
nγ
, (1)
where nB, nB¯ and nγ are the number densities of baryons, anti-baryons and photons, re-
spectively. The value of ηB can be determined using the data on the Cosmic Microwave
Background (CMB) radiation [1]:
ηBCMB = (6.02− 6.18)× 10−10, 95% C.L. (2)
A very attractive mechanism of generation of the baryon asymmetry is leptogenesis associ-
ated with the type-I seesaw scenario of neutrino mass generation [2–8]: it links the existence
and smallness of neutrino masses to the existence of the baryon asymmetry. An integral
part of this mechanism are the RH neutrinos νlR (RH neutrino fields νlR(x)). They can be
added to the Standard Model (SM) as SU(2)L × U(1)YW singlets without modifying any of
the fundamental features of SM. The minimally extended SM to include two RH neutrinos
is the minimal scheme in which leptogenesis can be realised. The RH neutrinos are assumed
to possess a Majorana mass term as well as Yukawa type coupling LY(x) with the Standard
Model lepton and Higgs doublets, ψlL(x) and Φ(x), respectively. In the basis in which the
Majorana mass matrix of RH neutrinos and the charged lepton mass matrix are diagonal,
LY(x) and the Majorana mass term have the form:
LY,M(x) = −
(
YliψlL(x) iτ2 Φ
∗(x)NiR(x) + h.c.
)− 1
2
MiNi(x)Ni(x) , (3)
where Yli is the matrix of neutrino Yukawa couplings (in the chosen basis) and Ni (Ni(x)) is
the heavy Majorana neutrino 1 (field) possessing a mass Mi > 0.
In what follows we will consider the “freeze-out” flavoured leptogenesis scenario in which
the Yukawa couplings in Eq. (3) are not CP conserving and the different rates of the decays
of the Majorana neutrinos Nj , Nj → l+ + Φ(−), Nj → l− + Φ(+), Γ(Nj → l+ + Φ(−)) 6=
Γ(Nj → l− + Φ(+)), and of their inverse decays, l+ + Φ(−) → Nj , l− + Φ(+) → Nj , generate
CP violating asymmetries in the individual lepton charges Ll, and in the total lepton charge
L, of the Universe. These lepton asymmetries are converted into a baryon asymmetry by
(B − L) conserving, but (B + L) violating, sphaleron processes, which exist in the Standard
Model and are effective at temperatures T ∼= (150− 1012) GeV.
The scale and spectrum of masses of the Majorana neutrinos Nj determine the scale of
leptogenesis. In GUT scale leptogenesis Nj have masses a few to several orders smaller than
the scale of unification of the electroweak and strong interactions, MGUT ∼= 2× 1016 GeV. If
the heavy neutrinos Nj have hierarchical spectrum, M1  M2  M3, the observed baryon
asymmetry can be reproduced provided the mass of the lightest one satisfies M1 ∼> 109 GeV [9].
Moreover, quantitative studies [10–17], in which flavour effects in leptogenesis [9,18–21] were
taken into account, have shown that the CP violation necessary for the generation of the
1Within the present study the term “heavy Majorana neutrinos” should be understood to mean Majorana
neutrinos with masses larger than 100 MeV.
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observed baryon asymmetry can be provided exclusively by the Dirac and/or Majorana phases
in the Pontecorvo, Maki, Nakagawa, Sakata (PMNS) neutrino (lepton) mixing matrix U . More
recent analyses revealed [22, 23] that in the case of heavy Majorana neutrino mass spectrum
with mild hierarchy, M2 ∼ 3M1, M3 ∼ 3M2, i) successful leptogenesis can take place for
M1 ∼> 106 GeV, and that ii) also in this case the requisite CP violation can be provided
exclusively by the Dirac or Majorana CPV phases of the neutrino mixing matrix. In [24] this
was confirmed to be the case as well in the so-called “Neutrino Option” seesaw scenario [25] in
which the mass term in the Higgs potential, responsible for the electroweak symmetry breaking
in the Standard Theory, is generated at one loop level by the neutrino Yukawa coupling in
Eq. (3). In the “Neutrino Option” scenario with two Majorana neutrinos N1,2, successful
leptogenesis was shown to be possible only in the so-called “resonant regime” [26–28], with
N1,2 forming a pseudo-Dirac pair [29,30] with masses M ≡ (M1 +M2)/2 ∼ (1− 8)× 106 GeV
and splitting between them, which is of the order of the N1,2 decay widths Γ1,2: ∆M/Γ1,2 ∼ 1,
∆M/M ≡ (M2 −M1)/M ∼ 10−8.
One attractive feature of Resonant Leptogenesis (RL) is that the baryon asymmetry can
be produced at relatively low scales, e.g., at the TeV scale. Studies have shown that it is
possible to have successful RL at scales exceeding approximately 100 GeV (see, e.g., [31] and
references quoted therein) or even at smaller scales if Higgs decays into N1,2 plus a lepton
and thermal effects are taken into account [32]. Scenarios with low scale RL typically lead
to predictions that potentially can be tested at colliders (LHC or future planned) and/or at
low-energy experiments (see, e.g., [31, 33,34]).
In the present article we consider sub-TeV scale flavoured RL within the minimal type-I
seesaw scenario with two (RH) singlet neutrinos N1,2 forming a pseudo-Dirac pair. The aim of
the study is to investigate the possibility of having a successful flavoured RL at the relatively
unexplored sub-100 GeV scale. We revisit also RL at 100 GeV to ∼1 TeV scales.
The paper is organised as follows. In Section 2, we summarise the basics of the type I
seesaw scenario and the conventions we will employ throughout.
In Section 3 we introduce the equations relevant for RL at scales T . 107 GeV, then
proceed to show results for 50 < M [GeV] < 1000 and for 0.3 < M [GeV] < 50 for which
there are two different scenarios by which the baryon asymmetry is produced. Finally we
conclude in Section 4 with a brief summary of our results.
2 Seesaw, Neutrino Masses and Mixing
In the present Section we set the notations and review some of the elements of the seesaw
theory that will be used in our further analysis (see, e.g., [35]).
In the basis in which the charged lepton Yukawa couplings and mass matrix are diagonal
but the Majorana mass term of the RH neutrinos νlR is not, the Lagrangian LY,M(x) has the
form:
LY,M(x) = − Y˜ll′ψlL(x) iτ2 Φ∗(x) νl′R(x)− 1
2
νClL(x) (MN )ll′ νl′R(x) + h.c. , (4)
where Y˜ is the matrix of neutrino Yukawa couplings in the considered basis, (ψlL(x))
T =
(νTlL(x) l
T
L(x)), l = e, µ, τ , νlL(x) and lL(x) being the left-handed (LH) flavour neutrino and
charged lepton fields, (Φ(x))T = (Φ(+)(x) Φ(0)(x)), νClL(x) = C (νlR(x))
T , C being the charge
3
conjugation matrix, and MN is the Majorana mass matrix of νlR(x), M
T
N = MN . When
the electroweak symmetry is broken spontaneously, the neutrino Yukawa coupling in Eq. (4)
generates a Dirac mass term, (MD)ll′ νlL(x) νl′R(x)+h.c., with MD = vY˜ , v = 174 GeV being
the Higgs doublet V.E.V., and the neutrino mass Lagrangian takes the form:
Lmν = − νlL(MD)ll′νl′R −
1
2
νclL(MN )ll′ νl′R + h.c. =
= − 1
2
(
ναL νcκL
)( Oαβ (MD)αρ
(MTD)κβ (MN )κρ
)(
νcβR
νρR
)
+ h.c. , α, β, κ, ρ = e, µ, τ ,
(5)
where νcβR ≡ C(νβL)T . The two matrices MD and MN are complex, in general.
The diagonalisation of the mass term under the condition that MD is much smaller than
MN
2 leads to the well known effective Majorana mass (term) for the LH flavour neutrinos
[4–8]:
mν ∼= −MDM−1N (MD)T = U mˆν UT , (6)
where mˆν = diag(m1,m2,m3), m1,2,3 being the masses of the light Majorana neutrinos ν1,2,3,
mi ∼< 0.5 eV, and U is a 3× 3 unitary matrix. The flavour neutrino fields are related to the
fields of light and heavy neutrinos νi(x) and Nj(x) with definite mass mi and Mj , mi Mj ,
via
νlL(x) =
∑
j
(1 + η)UljνjL(x) + (RV )ljNjL(x) . (7)
Here νjL(x) and NjL(x) are the left-handed components of νi(x) and Nj(x), R ∼= MDM−1N ,
η = − 1
2
RR† = − 1
2
(RV )(RV )† and V is a unitary matrix which (to leading approximation
in MD/MN ) diagonalises the Majorana mass matrix of the RH neutrinos MN . The heavy
neutrinos Nj are mass-eigenstates of MN . The constants (RV )lj represent the weak charged
and neutral current couplings of the heavy Majorana neutrinos. There exist stringent upper
limits on the elements of η, and thus on the elements of RV , from electroweak data and data
on flavour observables [36,37]. For Mj ∼> 500 MeV, depending on the element of η, they are in
the range of 10−3 − 10−4 at 2σ C.L. For Mj larger than the electroweak scale, the constraint
on ηeµ = ηµe is even stronger: |ηeµ| < 1.2× 10−5.
The PMNS matrix (in the diagonal charged lepton mass basis employed by us) has the
form:
UPMNS = (1 + η)U . (8)
Thus, the matrix η parametrizes the departure from unitarity of the PMNS matrix. Given
the existing limits on the elements of η, we have to a very good approximation: UPMNS ∼= U .
We will use in what follows the standard parametrisation of the PMNS matrix U [38]:
U =
 c12c13 s12c13 s13e−iδ−s12c23 − c12s23s13eiδ c12c23 − s12s23s13eiδ s23c13
s12s23 − c12c23s13eiδ −c12s23 − s12c23s13eiδ c23c13
×
1 0 00 e iα212 0
0 0 e
iα31
2
 , (9)
where cij ≡ cos θij , sij ≡ sin θij , δ is the Dirac CP violation (CPV) phase, and α21 and α31
are the two Majorana CPV phases [39].
2More precisely, the condition requires that the elements of MD are much smaller than the eigenvalues Mk
of MN .
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NO IO
Best Fit 3σ Best Fit 3σ
θ12 (
◦) 33.82 [31.61, 36.27] 33.82 [31.61, 36.27]
θ13 (
◦) 8.61 [8.22, 8.98] 8.65 [8.27, 9.03]
θ23 (
◦) 49.7 [40.9, 52.2] 49.7 [41.2, 52.1]
δ (◦) 217 [135, 366] 280 [196, 351]
∆m221 (·10−5eV2) 7.39 [6.79, 8.01] 7.39 [6.79, 8.01]
∆m231(32) (·10−3eV2) 2.525 [2.431, 2.622] −2.525 [−2.606,−2.413]
Table 1: The best fit values and 3σ ranges for the parameters of the PMNS matrix U and the
square mass differences in the Normal Ordering (NO) and Inverted Ordering (IO) cases [41].
Notice that the 3σ range for the Dirac phase δ is quite large, so we will treat it as an
unmeasured parameter.
As is well known, the mass spectrum of neutrinos ν1,2,3 can be with normal ordering (NO),
m1 < m2 < m3, or with inverted ordering (IO), m3 < m1 < m2 (see, e.g., [38]). In what
follows we will concentrate on the case of NO neutrino mass spectrum.
As we have already indicated, we will consider the type-I seesaw scenario with only two
“heavy” (singlet) Majorana neutrinos N1,2. This is the minimal scenario compatible with
the oscillation data [38]. In this case the lightest of the three neutrinos ν1,2,3 is massless
at tree-level3, m1 = 0 (NO spectrum) and we have: m2 =
√
∆m221, m3 =
√
∆m231, where
∆m2ij ≡ m2i −m2j . The neutrino mass spectrum is normal hierarchical (NH): m1  m2  m3.
Of the two Majorana phases, α21 and α31, only the phase difference α21 − α31 is physical.
In our numerical analyses we will use the values of the three neutrino mixing angles θ12,
θ23 and θ13, and the two neutrino mass squared differences obtained in the global neutrino
oscillation data analysis performed in ref. [41] and quoted in Table 1.
Equation (6) allows to relate the matrix of the neutrino Yukawa couplings Y and the
PMNS matrix U [42]. In the diagonal mass basis of the heavy Majorana neutrinos, which is
convenient to use in the leptogenesis analyses, we have:
Y = Y˜ V ∗ = i
1
v
√
mˆν O
T
√
Mˆ , (10)
where O is a complex orthogonal matrix, OT O = OOT = I. In the case of interest with two
“heavy” Majorana neutrinos N1,2, Mˆ = diag(M1,M2). If the lightest neutrino is practically
massless, the matrix O takes simple forms, depending on the neutrino mass ordering. In the
NH case of interest we have:
O =
0 cos θ sin θ0 − sin θ cos θ
1 0 0
 = e−iωeξ
2
0 1 −i0 i 1
1 0 0
+ eiωe−ξ
2
0 1 i0 −i 1
1 0 0
 , (11)
where θ = ω+ iξ, ω and ξ being two real parameters. The parameters ω and ξ play important
role leptogenesis we are going to consider next. For large values of ξ, such that eξ  e−ξ, which
is the case we will further be interested in, the first term of the above expression dominates
3However, even if m1 = 0 (m3 = 0) at tree level and the zero value is not protected by a symmetry, m1
(m3) will get a non-zero contribution at least at two loop level [40] and in the framework of a self-consistent
(renormalisable) theory of neutrino mass generation this higher order contribution will be finite.
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being enhanced by the exponential. The RV -matrix too is enhanced by large values of ξ and
the sum of the square modulus of its entries reads (NH):∑
l,i
|(RV )li|2 ' 1
2M
(m2 +m3)e
2ξ. (12)
3 Flavoured Resonant Leptogenesis at GeV-TeV Scales
In RL, the relevant leptonic CP asymmetry,
(i)αα =
Γ(Ni → `−αΦ(+))− Γ(Ni → `+αΦ(−))∑
β=e,µ,τ
[
Γ(Ni → `−β Φ(+)) + Γ(Ni → `+β Φ(−))
] , (13)
is given by 4 [27, 28]:
(i)αα =
∑
i 6=j
Im
[
Y †iαYαj
(
Y †Y
)
ij
]
+ MiMj Im
[
Y †iαYαj
(
Y †Y
)
ji
]
(Y †Y )ii (Y †Y )jj
(
fmixij + f
osc
ij
)
, (14)
where
fmixij =
(
M2i −M2j
)
MiΓj(
M2i −M2j
)2
+M2i Γ
2
j
(15)
and
foscij =
(
M2i −M2j
)
MiΓj(
M2i −M2j
)2
+ (MiΓi +MjΓj)
2 Det[Re(Y †Y )]
(Y †Y )
ii
(Y †Y )
jj
. (16)
In this work we solve the Boltzmann system of equations for the number densities, that in
the case of three-flavoured RL and considering only decays and inverse decays has the form
(see, e.g., [43–45]):5
dNNi
dz
= −Di
(
NNi −N eqNi
)
, with i = 1, 2,
dN∆α
dz
=
∑
i=1,2
[
−(i)ααDi
(
NNi −N eqNi
)
−WiαN∆α
]
, with α = e, µ, τ,
(17)
where z ≡ M/T , M1,2 ∼= M . The quantities NNi and N∆α are respectively the number of
heavy neutrinos NNi and ∆α ≡ 13B − Lα in a comoving volume, normalised to contain one
photon at z = 0, i.e. N eqNi(0) = 3/4. Since we focus on the case of sub-TeV leptogenesis in
this work, these equations are an excellent approximation to the density matrix equations
of [44] which reduce to Eq. (17) for T . 107 GeV (the case in which all lepton flavours are
fully decohered). We find that, for the scenario considered in this article, flavour effects are
4The CP-asymmetry 
(i)
αα is defined with two flavour indices because in the quantum treatment and in
certain regimes (e.g., GUT scale leptogenesis) the off-diagonal terms are also relevant (see, e.g., [22]).
5These equations approximate the results of [27,28] for RL. The latter results should agree with those of [46]
to within a factor ∼ 2 [47] in the nearly degenerate mass regime considered in this article.
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essential for an accurate treatment of leptogenesis in a mass range M ∼ (5 – 50) GeV, where
they provide an O(100) enhancement of the baryon asymmetry, for vanishing initial heavy
neutrinos abundance. In the present analysis we do not take into account the possible thermal
effects.
The quantity Di is given by
Di =
Γi
Hz
= Kiz
K1(z)
K2(z)
, (18)
where Γi is the thermally averaged decay rate of Ni, H is the Hubble expansion rate of the
Universe, Kn(z) is the n
th modified Bessel’s function of the second kind and we have defined
the parameter Ki as:
Ki ≡ m˜i
m∗
, with m˜i ≡
(
Y †Y
)
ii
v2
Mi
, (19)
with m∗ = (16pi2v2/3Mp)
√
(g∗pi)/5 ≈ 10−3 eV, MP being the Planck mass. The decays have
an equilibrium rate when zDi & 1.
The wash-out terms are given by
Wiα = Wipiα =
1
2
Di
N eqNi
N eq`
m˜αα
m˜i
, with piα =
m˜αα
m˜i
=
|Yαi|2 v2
m˜iMi
, (20)
which implies that the inverse decays have an equilibrium rate when zWiα & 1.
Finally, we define the flavoured washout parameter Kα as
Kα ≡
∑
i
Kipiα =
∑
i
v2
Mi
|Yαi|2
m∗
' e
2ξ
2m∗
[(m2|Uα2|2 +m3|Uα3|2)− 2√m2m3 Im (U∗α2Uα3)],
(21)
with the approximation on the second line valid for large values of ξ. Because we choose to
use only large ξ, we find we are always in the strong washout regime Kα & 3.
Throughout we use the ULYSSES [48] Python package for numerical solutions of the
Boltzmann equations. We set the Dirac phase to its best fit value shown in Table 1 (NO) and
Majorana phases to zero.
3.1 Resonant Leptogenesis for M . 50 GeV
We consider now the results of a numerical analysis for the mass region M < 50 GeV, in
which we solve Eq. (17). Note that we include only decays and inverse decays and that we
assume the EWPT is sufficiently fast.
For vanishing initial abundance, a notable feature of the regime M < 50 GeV is that, we
find that sphalerons decouple before the wash-outs can erase all of the initially produced lep-
tonic asymmetries. For example, in Fig. 1 we show the evolution of the leptonic asymmetries
as a function of z for M = 10 GeV for a vanishing initial abundance. For this scenario, the τ
and µ flavour washouts Wiτ , Wiµ are stronger than the e-flavour washout Wie because of the
relative sizes of the projection probabilities piα: piτ = 0.557, piµ = 0.415, pie = 0.0284. This
pattern of projection probabilities means that N∆e survives at the expense of N∆τ and N∆µ
which are quickly suppressed by their larger washouts. At this low mass scale, the sphaleron
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Figure 1: M = 10 GeV, ξ = 5.89, NN1,2(z0) = 0. The evolution of the flavoured leptonic
asymmetries and heavy Majorana neutrino densities with z and accompanying washouts and
decay. Where the horizontal grey line (at 1) meets zD1 and zWα is roughly the value of z
for which decays and inverse decays have equilibrium rates. The sphalerons turn off at zsph
marked by the vertical grey line. Note that τ and µ flavoured quantities overlap significantly
in the figure. See text for further details.
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temperature Tsph ≈ 150 GeV corresponds to zsph ≡ M/Tsph ≈ 0.67, which occurs after the
initial τ and µ flavour asymmetries are erased by washouts but before the e flavour is.
This is a generic feature of the low mass scenario for resonant leptogenesis – the sphaleron
decoupling temperature may come before washouts are able to reduce the initially produced
lepton asymmetries thus causing a large enhancement of the possible final baryon asymmetry.
This enhancement cannot be carried on until arbitrarily small values of M however. This
is because if zsph occurs at too small a value, then it is too close to z0 for there to have been
sufficient “time” for the lepton asymmetry to evolve to a large enough value. We show also
in Fig. 2 the maximal values of ξ, to which correspond maximal values of
∑ |(RV )|2 (see eq.
(12)), for which we can have successful RL as a function of the mass scale M . For M = 1(10)
GeV, we can have ξmax ≈ 8(6) and so ∑ |(RV )|2 ≈ 10−4(−7). In the upper panel, which is
for vanishing initial abundance, we see a smallest value of M ≈ 300 MeV.
For non-vanishing initial abundance (bottom panel of Fig. 2, which shows thermal initial
abundance), we find that the lowest possible mass for successful leptogenesis is increased. In
the extreme case of thermal initial abundance, we find a minimum mass M ≈ 5 GeV and we
get at most ξmax ≈ 5 corresponding to ∑ |RV |2 ≈ 10−8, for a mass of 10 GeV. In this case,
since there is no strong washout of an initial asymmetry, flavour effects provide only an O (1)
correction. Note that this dependence on the initial conditions is due to zsph occurring before
the erasure of the initial asymmetry. Ordinarily, in the strong washout regime (which we are
always in) the final baryon asymmetry is independent of the initial abundance because this
information is removed along with the initially produced lepton asymmetries.
It follows from Fig. 2 that for M < 50 GeV successful leptogenesis is possible for rather
large values of RV . Since the couplings of N1,2 in the weak charged and neutral currents are
given by this matrix, leptogenesis at small scales leads to predictions which may be testable
in low-energy experiments.
For M . 5 GeV, zsph occurs early enough that washout effects are negligible (see Fig.
3). The equations in Eq. (17) can be added to form a single equation in NB−L ≡
∑
αN∆α
which is equivalent to the single-flavour regime equation. This means that our lower bound
M ≈ 300 MeV is insensitive to the flavour treatment. However, for 5 . M [GeV] . 50, as
previously explained, successful leptogenesis occurs when τ and µ are strongly washed out
but e is not (see figure 1). This means that flavour effects are significant, and in fact provide
an O (100) enhancement of the final baryon asymmetry. It should also be clear from the
preceding discussion that the inverse decays play very important role in the generation of the
baryon asymmetry at low scales, M [GeV] . 50.
3.2 Resonant Leptogenesis for M & 50 GeV
For masses M & 50 GeV, the electron flavour begins to experience significant washouts before
z = zsph. That is, zsph occurs after the wash-out drop of the asymmetry in each flavour (see
Fig. 4). There is a corresponding drastic reduction in the allowed ξmax corresponding to the
change in slope of the contour in figure 2 at M ∼ 50 GeV or log10 (M1 [GeV]) ≈ 1.7. Since
each flavour experiences similarly strong washouts, the flavour effects provide only an O (1)
correction to the final result for 50 .M [GeV] . 1000.
In this regime, the sphaleron action ends sufficiently late so that the approximation
ηB,0 ' −28
79
1
27
3
2
∑
α
1
min(zoutα , zsph)
∑
i 
(i)
αα∑
iKipiα
, (22)
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Figure 2: The allowed region (white) in the ξ-M plane for which we can always have successful
RL by varying ∆M/Γ and/or ω. The upper panel is for vanishing initial abundance, while
the bottom is for thermal. For values in the red region the baryon asymmetry is always
too small compared to what we observe today. The dashed contour is obtained using the
analytical approximation (22) valid for M & 50 GeV. The straight contour is obtained with
the numerical code. To each maximal value of ξ corresponds a maximal value of
∑ |(RV )|2
(see eq. (12)).
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Figure 3: M = 1 GeV, ξ = 7.97, NN1,2(z0) = 0. The evolution of the flavoured leptonic
asymmetries and heavy Majorana neutrino densities with z and accompanying washouts and
decay. Where the horizontal grey line (at 1) meets zD1 and zWα is roughly the value of z
for which decays and inverse decays have equilibrium rates. The sphalerons turn off at zsph
marked by the vertical grey line. Note that τ and µ flavoured quantities overlap significantly
in the figure. See text for further details.
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Figure 4: M = 50 GeV, ξ = 4.38, NN1,2(z0) = 0. The evolution of the flavoured leptonic
asymmetries and heavy Majorana neutrino densities with z and accompanying washouts and
decay. Where the horizontal grey line (at 1) meets zD1 and zWα is roughly the value of z
for which decays and inverse decays have equilibrium rates. The sphalerons turn off at zsph
marked by the vertical grey line. Note that τ and µ flavoured quantities overlap significantly
in the figure. See text for further details.
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M1 ∆M ξ
max
(∑
l,i |(RV )li|2
)max
(GeV) (eV) (rad)
0.300 0.0216 8.34 1.71× 10−3
1.00 0.115 7.97 2.45× 10−4
(5.00) (1.79× 10−3) (4.28) (3.06× 10−8)
10.0 0.181 (0.0185) 5.89 (4.75) 3.86× 10−7 (3.96× 10−8)
50.0 0.219 4.38 3.75× 10−9
100 0.622 4.21 1.33× 10−9
103 19.8 3.63 4.23× 10−11
104 1.34× 103 3.44 2.86× 10−12
Table 2: Benchmark points for a range of masses at their maximum allowed ξ values and
the corresponding maximal value of
∑
l,i |(RV )li|2 (NH). For all scenarios listed, m1 = 0 eV,
∆M = 0.616 Γ1, ω = 45
◦ or 135◦ (so to get ηB with positive sign), δ = 217◦, α21 = α31 = 0◦.
Bracketed quantities refer to thermal initial abundance, otherwise vanishing initial abundance
is assumed.
(with zoutα ' 1.25 ln (25Kα) defined by
∑
iWiα
(
z > zoutα
)
. 1), is accurate (less than 10% of
discrepancy with the numerics).
For large ξ, K1p1α ' K2p2α ' Kα/2 and (1)αα ' (2)αα, so the final asymmetry is proportional
to the following factor, written as in [24] (but with opposite sign due to an opposite definition
of the CP-asymmetry) in terms of the Casas-Ibarra parameters (NH):

(1)
αα
K1p1α
≈ 16m∗ m3 −m2
(m2 +m3)2
(fmix + fosc) e
−4ξ sin(2ω). (23)
Notice that, since the f -factors only depend on the ratio ∆M/Γ, with Γ ≡ Γ1 ' Γ2, the
mass dependence of the baryon asymmetry is in min(zoutα , zsph), which means that for masses
larger than few TeV, RL does not depend on M . Additionally, the dependence on the PMNS
entries and phases almost disappears in this regime (it remains only in zoutα ).
The f -factors are maximised for ∆M/Γ ∼ 0.616. Trivially, the ω dependence is extremised
for ω = (2n+1)pi/4. Consequently, as we can see from Eq. (23), there exists a maximal value
ξmax for which we can have successful RL (for greater values the asymmetry would always be
too small). For M = 50 GeV we get ξmax ≈ 4, corresponding to ∑ |(RV )|2 ≈ 10−9.
Finally, we show in Table 2 some benchmark values of the parameters for which we have
successful RL. We note, in particular, that successful flavoured RL is possible at small scales,
M [GeV] . 100, for ∆M/M ∼ 10−11. Such a small mass splitting is possible and natural in
models with approximate conservation of a “non-standard” lepton charge [49,50].
4 Conclusions
In the present article we have considered sub-TeV scale flavoured resonant (“freeze-out”)
leptogenesis within the minimal type-I seesaw scenario with two (RH) singlet neutrinos N1,2
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forming a pseudo-Dirac pair. We have shown that it is possible to have successful leptogenesis
at sub-100 GeV scales. In particular, we have found that for masses of N1,2, M1,2 ∼= M , as
low as M ∼ 300 MeV, RL can be be successful. This entails an unusual dependence on the
initial abundance. At masses M below ∼ 50 GeV, we find that there is a large enhancement
of the possible baryon asymmetry due to the Universe reaching the sphaleron decoupling
temperature before the lepton asymmetry has been completely washed out (in all flavours).
Flavour effects play a particularly important role for having successful leptogenesis at scales
5 GeV .M . 50 GeV. We have shown therefore, that RL can be successful across the whole
of the experimentally accessible region. Furthermore, we have found that the leptogenesis
at small scales is compatible with relatively large values of the charged and neutral current
couplings of N1,2 in the weak interaction Lagrangian, which can lead to predictions that are
testable in low-energy experiments.
Note added
While preparing the text of the present article for publication, a paper by J. Klari, M.
Shaposhnikov and I. Timiryasov appeared on arXiv [51], in which freeze-out RL at low ∼ 1
GeV to ∼ 100 GeV scales is also considered.
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